Invasive candidiasis is a serious infection in hospitalized infants that results in significant mortality and morbidity. Fluconazole is approved by the US Food and Drug Administration for prophylaxis of invasive candidiasis in patients undergoing bone marrow transplantation but is not approved for use in infants. This review will describe the history of fluconazole use for prophylaxis in infants.
INTRODUCTION
Invasive candidiasis is associated with significant morbidity and mortality in premature infants. Among extremely low birth weight infants (ELBW < 1000 g birth weight) with invasive candidiasis, the mortality rate approaches 30%, and up to 70% of survivors develop long-term neurodevelopmental impairments [1,2 && ]. Premature infants with invasive candidiasis are more likely to develop periventricular leukomalacia, retinopathy of prematurity, and chronic lung disease [3] .
The incidence of invasive candidiasis varies greatly by center, but Candida species are considered to be the third most common cause of bloodstream infection in hospitalized very low birth weight (VLBW < 1500 g birth weight) infants [4] . Individual neonatal intensive care units (NICUs) have reported incidences in ELBW infants ranging from 4 to 30% [5] [6] [7] [8] . VLBW and ELBW infants are at increased risk, with infants below 750 g birth weight disproportionally at risk [1] ; the risk of invasive candidiasis is three-fold higher for infants below 750 g compared with infants with birth weights of 750-1000 g [9] . The incidence of invasive candidiasis for infants with birth weights of 1001-1500 g is approximately 1% [10, 11] . Once birth weight is considered, site variation [12] and exposure to broad-spectrum antibiotics confer the greatest risk of invasive candidiasis [1] . Variation between NICU sites can be marked and is likely influenced by variation in antibiotic use, infection control practices, and central line care policies. Odds of invasive candidiasis can be as much as six times greater between two individual NICUs [12] .
Prophylaxis: can invasive candidiasis be prevented?
Due to the severe consequences of invasive candidiasis in premature infants, interventions aimed at primary prevention have been sought. Use of nystatin as antifungal prophylaxis in 33 infants with birth weights below 1250 g was first published in 1988 [13] . The incidence of invasive candidiasis was lower in the group treated with nystatin (6%) compared with placebo (32%). Nystatin prophylaxis in VLBW infants was associated with a reduction in the incidence of invasive candidiasis from 14 to 2% when compared with no intervention [14] .
Use of fluconazole for invasive candidiasis prophylaxis was first reported in VLBW infants in 2001 ( Table 1 ). The first trial was not powered to demonstrate a decrease in invasive candidiasis, but a significant reduction in Candida colonization was noted [6] . A single-center randomized trial of ELBW infants demonstrated a significant reduction in both fungal colonization and invasive candidiasis using 3 mg/kg of intravenous fluconazole [5] . The dosing interval varied by postnatal age from 24 to 72 h, and infants were treated until they were 6 weeks of age. This same center performed a small masked placebocontrolled trial a few years later using 3 mg/kg given twice weekly to 41 ELBW infants [22] . In addition to placebo, they compared these patients to 40 infants dosed according to postnatal age and found a similar improvement in the incidence of invasive candidiasis, with fewer doses of fluconazole required to achieve the same benefit of prophylaxis [22] .
Italian investigators performed a multicenter, randomized, double-blinded, placebo-controlled trial of fluconazole in 322 VLBW infants [7] . This trial demonstrated a significant reduction in both colonization and invasive candidiasis at doses of 3 mg/kg and 6 mg/kg compared with placebo. Doses were given every 72 h for the first 2 weeks, then every 48 h. VLBW infants were treated for 4 weeks and ELBW infants for 6 weeks. As with the previous smaller trials, fluconazole was not associated with decreased mortality.
Despite these successful trials, clinicians did not uniformly institute fluconazole prophylaxis in all premature infants [23] . Questions remained regarding immediate drug toxicity, future effects on infant neurodevelopment, and selection for fluconazoleresistant Candida species [24] . Additionally, no reduction in mortality with fluconazole prophylaxis had been observed.
Targeted prophylaxis
Several researchers sought to minimize the number of infants given fluconazole prophylaxis by identifying those who would benefit the most while avoiding unnecessary drug exposure in infants at lower risk. Bertini et al. limited fluconazole prophylaxis to VLBW infants with central vascular access [15] . This strategy resulted in 62% fewer infants treated with fluconazole. Of 360 VLBW infants admitted during the study period, 136 (38%) qualified for prophylaxis. Invasive candidiasis occurred in nine of 119 (8%) historical infants given no fluconazole prophylaxis and none of 136 (0%) once fluconazole prophylaxis was implemented.
Exposure to antibiotics was also used to select infants for antifungal prophylaxis. One study limited fluconazole prophylaxis to only VLBW infants receiving more than 3 days of antibiotic therapy [17] . This limited total fluconazole exposure to a median of eight doses per infant compared with more than 20 doses per infant used in dosing regimens that treated all VLBW infants for 4-6 weeks [5, 7, 16] . The incidence of invasive candidiasis among all infants admitted to the NICU during the 'fluconazole epoch' was compared with that of the 'control epoch.' Though fewer infants were given fluconazole than when a birth weight-based selection strategy was used, this approach decreased invasive candidiasis (1%) compared with historical controls who did not receive fluconazole (6%) [17] . McCrossan et al. limited prophylaxis to VLBW infants with at least one of the following three criteria: treatment with a third-generation cephalosporin, more than 10 days of another broad-spectrum antibiotic, or evidence of fungal colonization if a central venous catheter was present. This cohort experienced a decrease in invasive candidiasis from 18% (6/33) during a historical period to 0% (0/31) during the study period [18] .
A large tertiary pediatric medical center in Israel also implemented a risk-based fluconazole prophylaxis protocol [21] . Risk factors were categorized as major or minor. One major criterion or two minor criteria triggered fluconazole prophylaxis. Major criteria included: birth weight less than 1000 g, corrected gestational age less than 28 weeks, and use of broad-spectrum antibiotics. Minor criteria included the presence of a central venous line, respiratory support, inotropic support, use of parenteral nutrition, use of a histamine-2 blocker or systemic steroids, confirmed necrotizing enterocolitis, or recent abdominal surgery. Using birth weight less
KEY POINTS
Fluconazole prophylaxis appears to be well tolerated and reduces the incidence of invasive candidiasis.
Fluconazole prophylaxis should be limited to high-risk infants admitted to high-incidence NICUs.
A dosing regimen of 6 mg/kg twice weekly is adequate when fluconazole is used for prophylaxis. than 1000 g and gestational age less than 28 weeks as major criteria resulted in the patient population receiving fluconazole in similar numbers to those of the original fluconazole prophylaxis trial [5] that treated all VLBW infants. However in this study, the infants were not obligated to complete a predetermined duration of prophylaxis. Rather, once they no longer met criteria through maturation or growth, the prophylaxis was stopped. One hundred and thirty infants received prophylaxis and were compared with 319 matched historical controls. This approach to prophylaxis reduced the incidence Candida bloodstream infections to 0.8% and reduced both the number of infants treated and the mean duration of therapy compared with birth-weight prophylaxis strategies. A recent trial used fluconazole prophylaxis in VLBW infants less than 6 weeks postnatal age, receiving broad-spectrum antibiotics for more than 2 days along with one additional risk factor: presence of a central venous catheter, endotracheal intubation, necrotizing enterocolitis, or parenteral nutrition administration [20] . Fluconazole prophylaxis was withdrawn when the infant no longer met these criteria. This strategy resulted in approximately 30% of VLBW infants receiving fluconazole prophylaxis for a median duration of 7 days. Comparatively, fluconazole strategies targeting only birth weight less than 1500 g would have treated 100% of the VLBW infants for 4-6 weeks. Fluconazole prophylaxis given according to this method of risk stratification reduced the incidence of invasive candidiasis in VLBW infants to 6 from 15% but failed to demonstrate a survival benefit.
ONGOING CONCERNS
All of the studies assessing targeted fluconazole prophylaxis used historical controls as the comparator group. As many factors affect the incidence of invasive candidiasis, it is impossible for these studies to fully determine the effect of fluconazole on the incidence of invasive candidiasis. Many centers have reported dramatic decreases in overall bloodstream infection incidence through the use of bundles for central line insertion and maintenance, dedicated line-care personnel, and increased use of breast milk for enteral nutrition [25] [26] [27] [28] . Similarly, the incidence of Candida central line-associated bloodstream infections has decreased over the course of 10 years even in birth weight cohorts that are not considered for fluconazole prophylaxis (e.g., > 1000 or > 1500 g birth weight) [29 ] . Additionally, many studies of fluconazole prophylaxis have come from centers with high baseline incidences of invasive candidiasis. The national incidence of invasive candidiasis in ELBW infants is 7% [4, 9] . Several study populations had a prefluconazole prophylaxis invasive candidiasis incidence that was much higher than that seen nationally (15-20%) [5, 7, 18, 20] . Although a reduction in invasive candidiasis incidence with fluconazole prophylaxis is approximately 80%, it is unclear if the benefits of routine prophylaxis will be clinically meaningful in low-incidence settings.
The potential for selection of resistant Candida isolates has also been a concern surrounding implementation of widespread antifungal prophylaxis, although this has not yet been reported in the intensive care nursery. A comparison of the resistance patterns of isolates causing invasive candidiasis during the 2 years before and the 4 years after the initiation of a fluconazole prophylaxis protocol was reported at a single center [30] . The number of infections caused by fluconazole-resistant Candida species after initiation of fluconazole prophylaxis was similar to that seen in the 2 years prior to implementation. Another study also found no increase in inherently fluconazole-resistant Candida species when the incidence before routine fluconazole prophylaxis for VLBW infants was compared with that after prophylaxis was initiated [31 & ]. These studies are reassuring but are limited by their relatively short duration and small samples sizes. The effect of a prolonged fluconazole prophylaxis strategy, which may be used indefinitely into the future in thousands of infants, remains to be seen. Intermittent prophylaxis has been proposed [32], but this strategy may introduce resistance as the serum fluconazole concentration intermittently falls below the minimum inhibitory concentration.
Although the outcomes following invasive candidiasis in infants are poor [1,2 && ], the long-term consequences of exposure to fluconazole, in many cases for several weeks, is a concern for those considering implementation of routine prophylaxis protocols. ELBW infants involved in a randomized, placebo-controlled fluconazole prophylaxis trial [5] were recently assessed for neurodevelopmental, behavioral, and quality-of-life outcomes at 8-10 years of age [33 && ]. Twenty children who had received fluconazole as infants did not differ in any of the tested domains from 17 who were given placebo. While reassuring, this was a small study and may be biased by differential loss to follow-up giving the long time frame.
CONCLUSION
Evidence accumulated over the last 13 years suggests that fluconazole prophylaxis for the prevention of invasive candidiasis is effective and well tolerated in premature infants. Risk-based selection strategies are likely the best way to balance the real risk that invasive candidiasis poses to premature infants with the risks that are inherent to any drug therapy. Risk stratification should be primarily focused on the NICU in which the infant is hospitalized [34] . Prophylaxis is unlikely to be of substantial benefit at centers where the rate of invasive candidiasis is less than 5% at baseline. European guidelines have suggested that a 2% incidence be the threshold for implementing a fluconazole prophylaxis program [35 && ]. A threshold of 2-5% for implementing prophylaxis is a reasonable approach that balances the risks associated with additional therapeutics and the benefits of preventing invasive candidiasis. Continued surveillance for changes in antifungal susceptibility patterns should be performed. 
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